Abstract. Advanced High Strength Steels (AHSS) are currently being considered for use in closure and structural panels in the automotive industry because of their high potential for affordable weight reduction and improved performance. AHSS such as dual phase steels are currently being used in some vehicle platforms. From a manufacturing perspective, stretch flanging during stamping is an important deformation mode requiring careful consideration of geometry and the die process. This paper presents some geometric and process guidelines for stretch flanging AHSS. Hole expansion experiments were conducted to determine the failure limit for a sheared edge condition. Effects of punching clearance, prestrain and prior strain path on hole expansion were explored in these experiments. In addition, dynamic explicit FE calculations using LS-DYNA were also conducted for a typical stretch flange by varying some key geometric parameters. The experimental and FEA results were then analyzed to yield process and geometric guidelines to enable successful stretch flanging of AHSS.
INTRODUCTION
Advanced High Strength Steels (AHSS), such as Dual Phase (DP) steels and Transformation Induced Plasticity (TRIP) steels offer an attractive option for lightweighting of automotive panels because of an optimum combination of strength, formability and cost. It is anticipated that in the near future AHSS will comprise approximately 35% of the automotive body structure replacing conventional High Strength Low Alloy (HSLA) steels and bake hardenable steels [1] . For exposed panel applications, dual phase steels of minimum ultimate tensile strength 500 MPa, also known as DP500 are promising candidates for panel lightweighting. In many cases in North America, DP500 is being considered as a substitution for bake hardenable steels of minimum yield strength of 210 MPa (BH210) for light weighting and improvement of dent resistance of closure panels. To enable successful implementation of AHSS in vehicle platforms, product and process guidelines for different aspects of manufacturing, such as stamping and welding are being actively sought by the automotive industry.
During stamping, typically after the draw operation, the panel is trimmed and flanged before assembly. Depending on the geometry, flanges can be classified as shrink flange, stretch flange or a combination of the two. During stretch flanging, the trimmed edge is subjected to a tensile strain causing splits in some cases. In a recent experimental study [2] , AHSS were found to be inherently more susceptible to stretch flanging failures. Development of guidelines for stretch flanging is necessary for implementation of robust manufacturing processes for parts stamped using AHSS.
The design of stretch flanges and trim-line development has been explored in several analytical/numerical studies [3] [4] [5] [6] [7] [8] [9] .
One of the common elements in these studies is the discovery of the fact that the stress state at the edge of the stretch flange is uniaxial tensile. Attempts to design the flange or the trim-line were made for a "general" flange, where the flange length, root radius, flange angle and bend angle were treated as variables. In these cases, the analytical work has mostly focused on mild steels such as DQSK or IF steels, or in some In this paper some guidelines for split-free stretch flanging of a V-shaped flange are presented. Typical formability FEA utilizes the FLC to determine the occurrence of necking during analysis. However, after shearing, the structure of the free edge is complicated comprising of rollover, sheared and fractured zones with the presence of a burr and is substantially different from the bulk of the material. As a result, the FLC is not an appropriate failure criterion to be used for edge stretching predictions. In this study, a combination of experimental and finite element analyses were used to yield the stretch flanging guidelines.
Dynamic explicit FE analyses were conducted by using a parametric representation of flange geometries typically observed at some locations in door outer panels. Geometrical parameters were varied using a L8 DOE. The maximum strain determined from the simulations were statistically analyzed to determine the sensitivity of the strains to the geometric parameters, and to develop regression equations. Hole expansion testing was carried out to determine the sheared edge stretching limits of sheet steels. Finally, comparison of the maximum strain for a given flange geometry to the failure limits determined by hole expansion testing would provide information on the feasibility of forming a given flange geometry. This study has been focused on BH210 and DP500 steel products.
METHODOLOGY

FE Simulations
Dynamic explicit FE calculations were conducted using LS-Dyna. Figures 1 and 2 show the model and some of the parameters that were used to describe the part geometry. A full factorial L8 DOE was used for the parametric study of the model shown in Figures 1  and 2 . Table 1 shows the values of the parameters used in the study. The values of the parameters were chosen after measurement of selected areas that were subjected to stretch flanging on some door outer panels. 
Experiments
Determination of the sheared edge stretching limits was conducted using the hole expansion test. Table 2 shows the mechanical properties of the materials in the experiments as determined using standard ASTM tensile testing in the L, T, and D directions. The properties were averaged using standard expressions. Maximum strain Figure 3 shows the geometry of the test specimen. The test is conducted by punching a circular hole in a sheet metal blank, and then subsequently stretching the hole using a conical punch. The sheared edge stretching limit is then given by the following relationship:
Figure 3: Geometry of the hole expansion test specimen.
Where d 0 is the initial diameter of the hole (10mm), and d f the final formed diameter of the hole after expansion. During production, typical clearance used in trimming or punching operations is in the range of 10 to 12% of the thickness of the sheet metal per side. For the standard experiments in this study, holes were punched using a cutting clearance of 10% of metal thickness per side. The test piece is formed with the burr side of the punched edge on the opposite side of punch contact and is stopped when a crack propagates through the thickness of the sheet.
To simulate the effect of wear on trim dies during production, the effect of cutting clearance on sheared edge stretching limits was evaluated by testing specimens, where holes were punched at different clearances.
The effect of prior work hardening history was also evaluated where axisymmetric panels as shown in Figure 4 were formed. The dimension "w" was varied to produce strain paths of uniaxial tension, plane strain and balanced biaxial tension. The forming depth of the panel was changed to produce equivalent plastic strain values of 0.05 and 0.1 on the face of the panel. After forming, 100mm square samples were cut from the panels, and holes punched for hole expansion testing following the earlier described procedure. To study the effect of prior work hardening, the cutting clearance was set at 10% of metal thickness. Figure 5 shows a contour plot of the major true strain for one of the simulations. As seen in Fig. 5 , the maximum strain occurs at the edge of the flange. Analysis of the strain path at the edge of the flange indicates a uniaxial tensile path as to be expected for a free edge. Statistical analysis was conducted to determine the important variables and interactions governing the magnitude of the maximum major strain at the edge of the flange as a function of the different variables. Tables 3 and 4 show the results of the statistical analysis for BH210 and DP500 respectively. Table 3 : Statistical analysis of maximum major true strain for BH210. Table 4 : Statistical analysis of maximum major true strain for DP500.
RESULTS
FEA Simulations
As seen in Tables 3-4 , the flange angle has a very significant influence on the magnitude of the maximum major strain in the flange, as a single variable as well as its interactions with the other variables. Based on the FE and statistical analysis, a regression model for the maximum major strain as a function of the different flange variables was developed.
Experiments
The results of the experimental work presented in this section are used to propose a failure criterion for edge stretching problems. Figure 10 shows the effect of the punching clearance on the results of the hole expansion test. The effect of increasing the punching clearance is to increase the burr height and thus degrade the quality of the sheared edge. As seen in the Fig. 10 , the increase in cutting clearance results in a decrease in the % hole expansion. The decrease is more significant up to ~ 30%clearance. Beyond 30% clearance, the % hole expansion reaches a saturation value. Within the experimental limits of this study, it was found that prior work hardening has a small effect on the subsequent hole expansion, as Figure 11 . Further testing at higher prestrains is necessary to discern a broader trend. Also, it appears that there is no effect of the prior strain path on the hole expansion. From Figures 10 and 11 , it can be concluded that the sheared edge quality dominates the edge stretching limits over prior work hardening. As discussed earlier, use of a good failure criterion in conjunction with FE analyses is an important aspect of predicting manufacturing feasibility of a given flange. In the literature, there is a lack of suggested experimental techniques for standard determination of edge stretching limits to be used with FEA. In this study, the results from the hole expansion test are used as failure criteria for flange formability. Use of the hole expansion value as a failure criterion is supported by the fact that the free edge for the expansion test and for the flange geometry in Figures 1-2 are subjected to uniaxial tension. The strain gradient from the edge of the flange to the edge of the die (flange width) is also similar between the hole expansion test and a general flange although the exact shapes of the gradients will show differences. Furthermore, the edge stretching properties of AHSS are significantly dependent on the microstructure, processing and chemical composition of a given steel of interest. The hole expansion test is simulative of the strain state and the strain gradient in the deforming region of the flange and is therefore a good practical first order approximation of the edge stretching limits. As seen in Fig. 10 , there is no change in hole expansion for clearances greater than 30%. Thus, using the hole expansion value at 30% punching clearance in conjunction with the regression model for maximum strain described before could be used to determine the feasibility of flanging a given part.
Comparison with production trials
Some comparisons were conducted using the predictive model with a stamping trial for a door outer panel. Figure 12 shows the door outer and a zoomed-in view of the area where splits during flanging were observed for DP500. Measurements of the angle, radius and flange width were undertaken for the two doors to yield the maximum strain in the flange as predicted by the regression model. Table 5 shows the results of this comparison where the maximum strain predicted from the model is compared with the hole expansion value. Table 5 shows that the DP500 material would have split at the flange location as the maximum flange strain was higher than the material limit. Experience during production indicated that this was indeed the case. Also shown in the third column of Table 5 is a scenario resulting in a safe DP500 part, where for the same radius and angle, reducing the flange width to 3mm would result in the maximum strain being less than the material limit. 
DISCUSSION
3. For BH210 and DP500, the hole expansion limit is strongly dependent on the punching clearance. Beyond a clearance of 30%, the effect of the punching clearance was insignificant.
4. In the range of the variables considered, the magnitude and strain path of prior work hardening did not have a strong influence on the hole expansion limit.
5. The hole expansion limit at 30% hole punching clearance was used as failure criteria to determine success in a flanging operation.
From the results presented in this paper, it can be seen that the accuracy of the prediction is dependent upon the failure criterion. In this paper, the hole expansion value at 30% punching clearance was used. During production, where trimming has to take place along a complicated contour, it is difficult to maintain the cutting clearance at an optimum value of 10%. In addition, wear on the trim dies during high volume production would result in an increase in the clearance. For robustness of the flanging operation, it is thus important to use a conservative estimate for the failure limit. The generality of the failure criterion for different flange geometries is yet to be evaluated and will be undertaken for future work.
In general, for successful flanging of AHSS, the width of the flange has to be decreased significantly for aggressive flange configurations. The work presented in this paper does not account for all possible variations in general flanges but mainly demonstrates an approach to provide guidelines for a given type of stretch flange configuration as seen in exposed panels. It is possible to extend this work to other flange configurations by suitably providing a parametric representation of the geometry. CONCLUSIONS 1. A combination of FE modeling and simulative laboratory formability tests can be used to provide guidelines for successful stretch flanging of AHSS parts. This approach was verified in an actual stamped part.
2. The flange angle has the most significant influence on the maximum strain at the edge of the flange among the variables considered.
